The cytoplasmic buffering capacity of Thiobacillus acidophilus (along with membrane properties) is responsible for the cytoplasmic pH homeostasis in metabolically compromised cells. When a large influx of H+ occurs, the cytoplasmic buffering capacity prevents drastic changes in pH; in addition, this influx, by increasing the positive membrane potential, eventually leads to a cessation of further H+ influx.
The cytoplasmic buffering capacity of Thiobacillus acidophilus (along with membrane properties) is responsible for the cytoplasmic pH homeostasis in metabolically compromised cells. When a large influx of H+ occurs, the cytoplasmic buffering capacity prevents drastic changes in pH; in addition, this influx, by increasing the positive membrane potential, eventually leads to a cessation of further H+ influx.
We previously reported (5, 6 ) that the respiring cells of Thiobacillus acidophilus (optimal pH, -3) possess a near-neutral cytoplasmic pH (ApH, -3) and a membrane potential (At) of -+70 mV, i.e., of a polarity reversed from that found in neutrophilic bacteria; thus, these bacteria possess a proton motive force (Ap) of --110 mV. Even though a large ApH exists, the cytoplasmic pH in this bacterium is a remarkably stable parameter. It is affected only minimally (-1-U decrease) by a complete inhibition of respiration, even when the ATPase inhibitor dicyclohexylcarbodiimide is also present (10) ; by treatment of cells with protonophores (6) ; or by the prolonged starvation of cells, even to a point of virtual elimination of culture viability (10) .
All of the above treatments cause an increase in At to + 100 mV or even higher, so that Ap is decreased to very low values (--30 mV). Thus, at optimal external pH values, the ApH maintenance in this bacterium under nonmetabolizing conditions essentially represents an equilibrium situation in which At and ApH of opposite polarity nearly balance each other. Nothing is known about the nature of the positive At. Hsung and Haug (2), who studied the acidophile Thermoplasma acidophila, postulated that it represented a Donnan potential of charged cellular macromolecules, which by undergoing appropriate fluctuations presumably kept H+ out of the cells. We previously proposed that the increase in At observed under metabolically inert conditions was due to a net influx of H+ into the cells (6, 10) .
In an attempt to shed some light on the matter, we measured H+ fluxes in T. acidophilus cells under conditions of active metabolism as well as in cells treated with various inhibitors and ionophores. These measurements showed that metabolically inert conditions trigger a large H+ influx into the cells. Since the H+ influx only minimally affects the cytoplasmic pH, the results suggested a strong buffering capacity in the cytoplasm; consequently, we quantified this capacity.
( T. acidophilus was grown heterotrophically at pH 3.0 in a mineral salts-glucose medium as previously described (6) . The cells were washed once in deionized water adjusted to pH 3.0 by the addition of H2SO4 and suspended in water at the same pH to a density of 5 mg of protein per ml. Ten milliliters of this cell suspension was placed in an electrode reaction chamber (Brinkmann Instruments, Inc., Westbury, N.Y.) which was maintained at 29°C, stirred with a magnetic flea, and aerated by a constant stream of 02. Changes in the external pH of this suspension were monitored using a combination electrode and a model 135 pH meter (Corning Glass Works, Medfield, Mass.) connected to a model 8371-20 recorder (Cole Parmer, Chicago, Ill.). The recording of pH was begun after the cells had been stirred in the chamber for 15 min. The pH was monitored for several minutes before the addition of various agents. Parallel control measurements were always run to ensure that the various agents themselves did not alter the external pH.
To determine the buffering capacity in disrupted cells, the following procedure was used. Cells were washed in deionized water and suspended to a density of 5 mg of protein per ml in water containing 5 or 10% Triton X-100 (Sigma Chemical Co., St. Louis, Mo.). Ten milliliters of this suspension was transferred to the electrode chamber at 29°C and 20-,ul aliquots of 0.05 M HCI were added while the pH was recorded until it was decreased from 6 to 5. The buffering capacity was expressed as the amount of H+ needed per milligram of protein to bring about this decrease. Parallel control measurements were made using (i) water alone, (ii) intact cells suspended in water, and (iii) the Triton solution of appropriate concentration, and the results were corrected by subtracting the small buffering capacity of the intact cells and the Triton solution from the buffering capacity of the extract.
Protein was determined by the method of Lowry et al. (3) . Carbonyl cyanide m-chlorophenylhydrazone (CCCP) and valinomycin were purchased from Sigma, and nigericin was purchased from Calbiochem Behring Corp., La Jolla, Calif.
At their optimal pH (i.e., 3.0), fresh cell suspensions of T. acidophilus incubated with stirring under a stream of oxygen exhibited no change in the external pH; but when respiration was inhibited either by anaerobiosis or by the addition of azide or cyanide (10 mM [6] ), there was a marked alkalinization of the medium. Thus, the homeostasis of the external pH with the respiring cells represented a steady state in which the H+ expelled through the respiratory pump was precisely equalled by the H+ taken up by the cells, presumably for metabolic purposes. Several other agents caused a similar influx of H+; the kinetics of this influx induced by some of the agents is given in Fig. 1 . In all cases the H+ influx appeared to reach a plateau level. The influx induced by CCCP was relatively slow; this was evidently because conductance to ions other than H+ was rate limiting under these conditions, since the concurrent presence of valinomycin, which caused a marked K+ efflux (2.7 x 1017 K+ ions per mg of cell protein; as measured with a potassium electrode), greatly augmented the rate of CCCP-induced H+ influx. The lipophilic anion thiocyanate, which of all the agents tested had the most pronounced effect on ApH in T. acidophilus (6) , also caused a rapid H+ influx and in accordance with previous observations (6) exhibited increased effectiveness at higher concentrations. Table 1 presents the amounts of HI+ that were taken into the cells in response to treatments with various agents; the values were determined from the total change in the external pH observed when the H+ influx approached a plateau (Fig. 1) . The buffering capacity of the intact cells under these conditions was determined and found to be small; thus, it would not be considered in the results. Since the internal cell water volume was known (6), we calculated the expected cytoplasmic pH that this influx would produce in an unbuffered environment ( Table 1) . The actual cytoplasmic pH in the cells treated with the various agents for corresponding periods was measured by the transmembrane distribution of aspirin, using the flow dialysis technique (6) , and is also presented in Table 1 . It is evident that the cytoplasm possessed a strong buffering capacity since in all cases the actual cytoplasmic pH was 3 to 4 U higher than that expected from the H+ jnflux. Repeated measuremnents, 20 in all, of CCCP-induced H+ influx and the cytoplasmic pH in CCCP-treated cells (by flow dialysis) indicated that a buffering capacity of about 100 nmol of H+ per mg of protein per pH unit would be required to account for this effect at pH 6.
To check this, the cytoplasmic buffering capacity was directly measured using disrupted cells, as described above. The extracts were titrated from pH 6 to 5, and an average value of 97 ± 41 nmol of H+ per mg of protein per pH unit was obtained for the buffering capacity in four determinations. The buffering capacity in 5 and 10% Triton extracts was found to be very similar, suggesting that either concentration made the entire buffering capacity accessible. A very similar value for the buffering capacity was obtained using the acid pulse method described by Maloney (4) and Scholes and Mitchell (9) . Thus, the measured buffering capacity of the cell extracts is equal to that predicted by the H+ influx measurements described above and indicates that this capacity is indeed sufficient to account for the ability of the cells to maintain a relatively high cytoplasmic pH despite a large H+ influx. The buffering capacity of T. acidophilus increased with a decreasing pH; from pH 5 to 4, this capacity, as measured in Triton extracts, was 260 nmol of H+ per mg of protein per pH unit. For comparison, the buffering capacity of Escherichia coli (Triton extract) was determined from pH 6 to 5 and found to be 33 nmol of H+ per mg of protein per pH unit.
The It seems probable that the increase in the positive At that is observed under these conditions does indeed arise from the H+ influx, as we proposed earlier (6) . In all cases exanmined in this study, this influx was more than sufficient to account for the observed increase in At. Thus, for instance, the CCCP-induced influx of H+ was sufficient to cause an increase in At by some 120 mV, whereas the actual increase observed was some 30 mV (6); this discrepancy probably occurred because anion uptake or cation efflux accompanied the diffusion of H+ into the cells. Regardless, once the positive ATI approaches the magnitude of the opposing ApH, a near-equilibrium situation is established in which no further significant H+ influx into the cells occurs. The fact that a At of the order of + 100 mV can be maintained for prolonged periods in metabolically inactive cells (10) indicates that the cytoplasmic membrane of these bacteria is unusually impermeable to ions other than H+, as we suggested earlier (6 (6, 10) show that the inhibition of respiration, with the resultant cessation of H+ Given the vicissitudes of nature, which ensure periods of starvation for virtually all bacteria, and given the crucial importance of maintaining cytoplasmic pH homeostasis, it is hardly surprising that T. acidophilus has evolved a passive capacity for achieving it. To what extent the various antiporters that are known to regulate the cytoplasmic pH in neutrophiles and alkalophiles (7) play a role in this bacterium remains to be determined.
